###### Highlights

-   Conditional genetics reveal endothelial cell--specific functions of TSPAN12 (tetraspanin 12) in retinal angiogenesis and barriergenesis during development.

-   TSPAN12 is required for blood-retina barrier maintenance but is dispensable for vascular maintenance, mural cell coverage, or perfusion in mature mice.

-   Late-induced TSPAN12 ECKO mice provide a model to study barrier defects in an otherwise intact vasculature.

-   Barrier defects are associated with IgG extravasation, complement deposition, cystoid edema, and reduced electroretinogram b-wave.

-   RNA-Seq reveals dysregulation of ECM (extracellular matrix), akin to diabetic retinopathy.

Blood-CNS (central nervous system) barrier defects are implicated in retinal and neurological disease. Retinal vascular diseases associated with dysregulated angiogenesis and impaired inner blood-retina barrier (BRB), for example, diabetic retinopathy (DR), are a leading cause of blindness,^[@R1]--[@R3]^ yet, the pathological consequences of barrier defects have been difficult to untangle from other vascular defects. Dysregulated angiogenesis and exudation are also encountered in familial exudative vitreoretinopathy and Norrie disease,^[@R4],[@R5]^ which are caused by impaired NDP (Norrie disease protein)/FZD4 (frizzled 4) signaling.^[@R6]^ About 50% of familial exudative vitreoretinopathy cases are because of mutations in the genes encoding the ligand NDP, the receptor FZD4, LRP5 (low-density lipoprotein receptor-like protein 5, a coreceptor), or the coactivator TSPAN12 (tetraspanin 12).^[@R4],[@R5],[@R7],[@R8]^ Tetraspanin membrane proteins function in diverse biological processes and are linked to human diseases, including cancer, retinal dystrophies, viral infections, and mental retardation.^[@R9]^ Tetraspanins engage in networks of direct and indirect protein-protein interactions, yet, the molecular basis for their biological activity is incompletely understood.^[@R10],[@R11]^

FZD4, LRP5, and TSPAN12 form a receptor complex for NDP,^[@R12]^ and each component of the complex is cointernalized during NDP-induced endocytosis of the receptor complex.^[@R13]^ We recently proposed that TSPAN12 is an NDP coreceptor that stabilizes the NDP/FZD4 interaction and enhances ligand selectivity of FZD4.^[@R14]^ A clear prediction of our model is that TSPAN12 functions in the same retinal cell type as FZD4 and LRP5, that is, in endothelial cells (ECs).^[@R15],[@R16]^

The role of canonical signaling in pathological vascular growth has been studied in models of retinopathies.^[@R17]--[@R19]^ In addition, NDP has also been studied in neuroprotection,^[@R20]^ regulation of tumor stroma,^[@R21]^ and regulation of neural progenitors.^[@R22]^ However, little is known about the role of NDP/FZD4 signaling in the mature vasculature.

Blood-CNS barrier formation in several developing CNS structures are induced by NDP, WNT7A, or WNT7B ligands,^[@R23]--[@R27]^ and β-catenin is a required mediator of signaling in ECs.^[@R27]--[@R29]^ Among the genes regulated by NDP/FZD4 signaling are regulators of vascular permeability and blood-CNS barrier function, for example, the fenestration component PLVAP (plasmalemma vesicle-associated protein, which is repressed by NDP/FZD4 signaling), the tight junction component Claudin-5, transporters that mediate selective transport into or out of the CNS, and transcription factors, including Sox (SRY-related HMG-box) F family members.^[@R15],[@R27],[@R30]--[@R33]^ However, whether BRB defects downstream of impaired NDP/FZD4 signaling cause retinal pathology, remains unknown.

*Ndp, Fzd4, Lrp5*, and *Tspan12* gene-disrupted mice show strong vascular morphogenesis defects, including lack of intraretinal capillaries and glomeruloid vascular malformations.^[@R12],[@R17],[@R26],[@R34],[@R35]^ How NDP/FZD4 signaling mediates retinal angiogenesis, especially intraretinal capillary development, and how Wnt signaling mediates angiogenesis in the forebrain and ventral spinal cord^[@R24],[@R25],[@R27],[@R28],[@R36]--[@R43]^ is not well understood.

Mouse models characterized by an impaired BRB have been developed for the purpose of studying DR. Models based on impaired PDGFβ (platelet-derived growth factor β) signaling^[@R44]--[@R48]^ or hyperglycemia^[@R49]^ each exhibit compound pathologies that include loss of pericytes, perfusion defects, and hypoxia next to an impaired BRB. Thus, an animal model with normal vascular density, normal perfusion, normal pericyte coverage, yet strong BRB defects, is highly desirable to identify pathological consequences of BRB defects per se.

Here, we report that early EC-specific inactivation of the *Tspan12* gene recapitulates phenotypes observed in *Ndp*, *Fzd4*, and *Lrp5* mutant mice, consistent with a role of TSPAN12 in the NDP receptor complex.^[@R14]^ Late-induced recombination of *Tspan12* bypasses vascular morphogenesis defects but reveals essential roles in BRB maintenance. Aged mice with long-term BRB defects display immunoglobulin accumulation in the retina, activation of antibody effector systems, cystoid edema, basement membrane alterations, and impaired electroretinogram. Thus, we reveal pathological mechanisms downstream of blood-CNS barrier defects in an otherwise intact vasculature.

Materials and Methods
=====================

Data and Material Disclosure Statement
--------------------------------------

The data and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure, pending material transfer agreement. RNA-Seq data have been deposited at NCBI Geo under accession GSE113878.

Animals
-------

All animal work was done in accordance to the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research and with approval from the Institutional Animal Care and Use Committee at the University of Colorado. Animals of both genders were used for all studies. The following Cre-driver lines were used: Tg(Cdh5-cre/ERT2)1Rha,^[@R50]^ Pdgfrb(BAC)−CreERT2,^[@R51]^ and Rx-Cre,^[@R52]^ the latter kindly provided by Drs Eric Swindell and Milan Jamrich. mT/mG reporter mice were obtained from Jackson Laboratories. Conditional knockout mice were generated by first breeding *Tspan12*^+/−^ mice with each Cre-driver line (heterozygous for the transgene), then breeding *Tspan12*^+/−^; *Cre*^+^ mice with *Tspan12*^*flox/flox*^ mice. The alleles *Tspan12*^flox^ (*Tspan12*^tm1.1Hjug^) and *Tspan12*^−^ (*Tspan12*^tm1.2Hjug^) were generated by gene targeting as described below.

Gene Targeting
--------------

The targeting construct for generating a *Tspan12* floxed allele, pTspan12-LFNFL, contained the following sequence segments: exon3 (encoding the start codon and major portions of the first transmembrane segment) was flanked on the 3' end by a loxP site, and on the 5' end by an FRT-flanked PGK-neo-bGH cassette (for positive selection of ES cells) and the 5' loxP site. The 5' homology arm (left arm) consisted of 2978 bp sequence containing exon1, exon2, and adjacent sequences. The 3' homologous arm (right arm) consisted of 2510 bp of intronic sequences downstream of exon3. The construct contained a thymidine kinase cassette outside the homology arms for negative selection of ES cells. The linearized construct was electroporated into EC7.1 ES cells and subjected to negative/positive selection with ganciclovir and G418, respectively. ES cell clones were screened using genomic polymerase chain reaction (PCRs) that amplified the right and left arms separately, using primers outside the left or outside the right homology arms, each combined with a primer inside the targeting cassette. In addition, the entire targeted region was amplified using primers outside each homology arm. PCR products were further analyzed by restriction digest. A karyotyped ES cell clone (D11) was injected in to C57/BL6 blastocysts, and chimeras with germline transmission were identified by PCR. The FRT-flanked PGKneo cassette was removed by Flp recombination in the germline using FLPo mice, and recombined offspring was identified by PCR. A global knockout allele was generated by recombination of the loxP-flanked exon3 in the germline, using EIIa-Cre. The knockout allele was genotyped using mTSPAN12_LA_fw oligo (5'-GTCTCAAGGGCCATGCCACTG-3') and mTSPAN12_RA_rev oligo (5'-ACTAGCGGTTCCCGAGTAGTCTGTC-3'), yielding a 256 bp amplicon on the knockout allele and a 717 bp amplicon on the wild-type allele. The floxed conditional allele was genotyped using mTSPAN12_LA_fw oligo (above) and TSP12ex3-rev oligo (5'- CCACATTCTACTGGTCCAGGCAGAG-3'), yielding a 403 bp amplicon on the floxed allele and a 301 bp amplicon on the wild-type allele. Mice were backcrossed on a C57BL/6J background.

Preparation and Administration of Tamoxifen
-------------------------------------------

Tamoxifen (Sigma T5648) solutions were freshly prepared at 1 mg/mL in sterile corn oil (Sigma C8267) the day before each injection using a nutator to facilitate dissolution overnight at RT. Solutions were sterile filtered before injection. Fifty microliters of 1 mg/mL tamoxifen in corn oil was administrated by intraperitoneal injection at P1, P2, and P3 for analysis at P7 or P16. For analysis of late-induced adult mice, 100 µL of 20 mg/mL tamoxifen in corn oil was administered in 4 IP injections spaced 2 days apart, starting at P28.

Immunofluorescent Staining
--------------------------

Retinas were processed and stained as described.^[@R53]^ The following primary antibodies and lectins were used for this study: GS Isolectin B4 Alexa-488 conjugate 1:100 (Invitrogen, I21411), rat PECAM (platelet endothelial cell adhesion molecule) 1:50 (BD, 550274), rat PLVAP 1:50 (BD, 550563), rabbit desmin 1:200 (Cell Signaling, D93F5), rat vascular endothelial (VE)-cadherin 1:100 (BD, clone 11D4), rat complement component C4 1:200 (Cedarlane, CL7504AP), goat transferrin 1:200 (R&D, AF3987), rabbit COL4 (collagen IV) 1:200 (Abcam, 6586), goat albumin 1:200 (Bethyl, A90-234A), goat IBA1 1:200 (Novus, NB100-1028), rat F4/80 1:200 (AbD Serotec, MCA497R), rabbit PKC (protein kinase C) α 1:200 (Santa Cruz, C-20), and rabbit Sox9 1:200 (Millipore, AB5535). IgG was detected using Alexa555-coupled goat anti-mouse secondary antibody (Invitrogen). Other secondary antibodies were Alexa coupled (488, 555, and 647) and directed against rabbit, mouse, or rat (Invitrogen). Fluorescence was visualized using a Nikon A1 confocal laser scanning system or a Leica DM IL epifluorescent microscope.

Branched DNA In Situ Hybridization
----------------------------------

Twelve micrometer retinal sections at the level of the optic nerve head were collected. The assay was performed according to manufacturer instructions (QuantiGene ViewRNA ISH Tissue 1-Plex Assay Kit, Affymetrix). The branched DNA probe set was from Affymetrix (m*TSPAN12*: VB-16328) and was used at a 1:50 dilution. Immunostaining was performed subsequent to in situ hybridization.

Quantification of Pericyte Coverage
-----------------------------------

Confocal images were processed using the ImageJ colocalization plugin. Colocalization of desmin and PECAM was determined and normalized by the PECAM signal. Four images per retina and 3 to 4 retinas per genotype were analyzed.

Retinal Lysates
---------------

Two retinas from an P8-10 animal were dissected in cold PBS and homogenized in a 2 mL tube with 0.3 mL lysis buffer (150 mmol/L NaCl, 50 mmol/L Tris pH 8.0, 1 mmol/L CaCl2, 1% NP40, 0.1% N-dodecyl-β-D-maltoside, 3 mmol/L MgCl~2~, and DNAseI 80 units/mL (Roche), 1× complete ultra EDTA-free protease inhibitor cocktail \[Roche\]) using an electrical homogenizer (Omni). Proteins were extracted for 40 minutes on ice with gentle shaking. Cell debris and unsolubilized material were removed by 20 000×*g* centrifugation at 4°C for 30 minutes. One hundred four microliter supernatant, 40 µL 4× LDS (Nupage), and 16 µL 1 mol/L dithiothreitol were combined and incubated at 70°C for 10 minutes. Forty microliters of the sample were loaded per lane. VE-cadherin was detected using Millipore anti-VE-cadherin clone Vli37 (MABT886) at 1:1000. PECAM (cell signaling, 77699) and β-actin (Novus, NB600-501H) were probed as loading control.

Fluorescein Isothiocyanate-Dextran Perfusion
--------------------------------------------

Mice were anesthetized with Ketamine/Xylazine 150/10 mg/kg. Unresponsive mice were perfused through the left ventricle with 2 mL of PBS containing 500 units of heparin (Millipore), followed by 10 mL PBS containing 1.5 mg/mL fluorescein isothiocyanate (FITC) conjugated Dextran (500 kDa, Sigma). Perfused retinas were then immediately immersion-fixed and stained as described.^[@R53]^

RNA-Sequencing
--------------

Seven-month-old mice (tamoxifen at P28) were used to extract total RNA from 4 retinas per genotype (8 samples). DNA was digested (Turbo DNAse free, Ambion), and RNA was ribodepleted (Ribozero RNA removal kit, Illumina). RNA integrity numbers were \>8. Library preparation and sequencing were performed at the CU Anschutz Microarray and Genomics Core. Libraries were prepared using the Illumina TruSeq Stranded Total RNA Library Prep Kit (RS-122--2202), and 300 bp fragments were isolated. High output 150 bp paired-end sequencing was performed on 1 lane of an Illumina HighSeq4000 instrument, resulting in 38 to 50 mio reads per sample. The following barcodes were used: 1L_WT1, ATTACTCG; 1R_WT2, TCCGGAGA; 5L_WT3, CGCTCATT; 5R_WT4, GAGATTCC; 10L_CKO1, ATTCAGAA; 10R_CKO2, GAATTCGT; 17L_CKO3, CTGAAGCT; and 17R_CKO4, TAATGCGC. The average reads/bases quality was at least 93% ≥Q30. Reads were mapped against mouse genome GRCm38.p4 C57BL6J using the DNASTAR (version 15) Seqman NGen RNA-Seq module. Among the most highly expressed genes were photoreceptor genes (eg, rhodopsin RPKM \[reads per kilobase million\] 7034 in wild type). Genes expressed in ECs or microglia were expressed at lower levels (eg, IBA-1/Aif1 RPKM 0.3). Differential gene expression analysis, filtering of genes of interest, and statistical tests were performed in the Arraystar module. Multiple testing correction within the set of 45802 coding and noncoding features was performed with Arraystar moderated *t* test with Benjamini-Hochberg false discovery rate determination. A list of protein-coding genes was created by filtering genes with RPKM ≥1- and ≥2.5-fold change or RPKM ≥0.3- and ≥10-fold change. These gene sets were combined and filtered for *P*≤0.05. Nonprotein coding genes were removed. The resulting gene list was subjected to gene ontology analyses in Arraystar (using MGI mouse GO terms) and in the DAVID resource. A list of selected genes of interest is shown in the Table. The processed data file showing the expression of all genes and the raw data files are available at NCBI Geo under accession GSE113878. Filenames ending on R1 indicate 5' to 3' reads, 3' to 5' reads were designated R2.

###### 

Differentially Expressed Genes in RNA-Seq Analysis of Four 6-Month-Old Control Versus 4 Tspan12 ECKO Retinas
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Electroretinogram
-----------------

All animals were dark-adapted overnight. Electroretinograms were acquired under red light. Eyes were dilated with 0.5% tropicamide (Akron) and 2% phenylephrine (Paragon BioTeck) and then anesthetized with 90 mg/kg ketamine and 10 mg/kg xylazine (both VetOne). Just before electroretinogram was performed a drop of 2.5 % hypromellose ophthalmic demulcent solution (Akron) was placed onto the cornea. Electroretinograms were performed on a Celeris instrument (Diagnosys). The electrodes were placed onto the cornea, and an impedance of \<5 KΩ was ascertained before a combined dark and light protocol (Diagnosys Espion software) was run. A- and b-wave amplitudes were determined under scotopic conditions (1 cd s/m^2^). B-wave amplitudes were also determined under photopic conditions (10 cd s/m^2^).

Software
--------

Nikon NIS-Elements, ImageJ, DNASTAR Lasergene Genomics Suite V15, GraphPad Prism, Microsoft Office 2016, and Adobe Photoshop/Illustrator CS6 were used for data analysis and figure preparation.

Statistics
----------

For comparison of 2 groups, a Shapiro-Wilk test for normality was performed to determine if a parametric or nonparametric test was appropriate. If data passed the normality test, an F test for equality of variances and a 2-tailed, unpaired heteroscedastic or homoscedastic Student *t* test was performed. Where normalized data are presented, individual values were divided by the average of the control group before statistical analysis. For one data set in the electroretinogram panel (indicated in the figure legends) a nonparametric Mann-Whitney *U* test was performed. RNA-Seq data were analyzed for significance of differential gene expression using Arraystar statistics tool, which performs an unpaired, 2-tailed, equal variance Student *t* test. For multiple group comparison, a parametric test was performed using GraphPad Prism by 1-way ANOVA with Tukey post hoc.

Results
=======

*Tspan12* mRNA Is Detected in Capillaries and the Neural Retina
---------------------------------------------------------------

To define which retinal cell types express TSPAN12, we localized *Tspan12* mRNA using a branched DNA (bDNA) signal amplification in situ hybridization assay.^[@R54]^ *Tspan12* message was detected in the retinal vasculature, as well as in the ganglion cell layer and inner nuclear layer, whereas control sections showed no signal after amplification (Figure [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B). Several other bDNA probe sets that were processed in parallel for a separate study showed distinct and specific staining patterns.^[@R53]^

![Vascular morphogenesis and blood-retina barrier defects in *Tspan12*^−/−^ mice. **A**, Branched DNA in situ hybridization and amplification with a mTSPAN12 (m tetraspanin 12) probe set, counterstained with isolectinB4 to mark vascular endothelial cells (ECs). Inset highlights a capillary passing through the inner plexiform layer; the m*Tspan12* probe hybridizes to this structure. **B**, Control section processed for signal amplification and detection. **C**, Schematic representation of TSPAN12 protein topology. The start ATG and major portions of the first transmembrane segment are encoded by exon 3. **D**, Schematic representation of the targeting strategy for the generation of the m*Tspan12* LoxP-flanked allele. **E**, Long-range polymerase chain reaction (PCR) yields the expected heterozygous pattern on genomic DNA of the ES cell clone used for blastocyst injection. **F**, IgG is confined to the lumen of blood vessels, and the 3-layered vasculature develops normally in P16 *Tspan12*^+/−^ mice. The **left** shows a maximum intensity projection (MIP) generated from optical sections representing all 3 capillary layers. One petal of a retinal whole mount preparation is shown. An optical section showing the surface blood vessels in the boxed area is shown enlarged and rotated in the **middle**. The **right** shows a color depth projection of all optical sections in the boxed area. **G**, Massive IgG leakage and lack of intraretinal capillaries are observed in *Tspan12*^−/−^ mice. **H** and **I**, Failure to suppress the fenestration component PLVAP (plasmalemma vesicle-associated protein) in ECs of mutant mice. Scale bars **A** and **B**, 20 µm and **F** through **I**, 200 µm. GCL indicates ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; and OPL, outer plexiform layer.](atv-38-2691-g002){#F1}

BRB Defects in *Tspan12*^−/−^ Mice
----------------------------------

To determine the cell type(s) in which TSPAN12 functions and to examine the role of TSPAN12 in the mature retina, we generated a LoxP-flanked allele (MGI allele symbol *Tspan12*^tm1.1Hjug^, in the following *Tspan12*^flox^), in which the critical exon 3 (containing the start codon and major portions of the first transmembrane segment) can be removed by Cre-mediated recombination (Figure [1](#F1){ref-type="fig"}C through [1](#F1){ref-type="fig"}E). To confirm that recombination indeed results in *Tspan12* gene inactivation, we used EIIa-Cre to induce recombination in the germline, which generated conventional homozygous *Tspan12*^tm1.2Hjug^ mice (in the following *Tspan12*^-/-^). Confocal depth projections of IB4-stained P16 retinas showed glomeruloid vascular malformations and a lack of intraretinal capillaries (Figure [1](#F1){ref-type="fig"}F and [1](#F1){ref-type="fig"}G), as reported for a previously generated null mutant.^[@R12]^ Similar phenotypes have also been described in studies using *Ndp*, *Fzd4*, and *Lrp5* mutant mice (introduction).

BRB defects in *Tspan12*^−/−^ mice would be expected given the role of NDP/FZD4 signaling in BRB induction. Indeed, we detected massive IgG extravasation into the surrounding tissue in mutant retinas (Figure [1](#F1){ref-type="fig"}F and [1](#F1){ref-type="fig"}G). Furthermore, these strong BRB defects were associated with upregulation of the EC fenestration component PLVAP (Figure [1](#F1){ref-type="fig"}H and [1](#F1){ref-type="fig"}I), especially in veins.

Large Vessel Defects and Increased VE-Cadherin Expression in *Tspan12*^−/−^ Mice
--------------------------------------------------------------------------------

During this analysis, additional large vessel defects became apparent. The number of large vessels in P6-7 retinas was significantly increased in *Tspan12*^−/−^ retinas (Figure IA and IB in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)), and aberrant arterial-venous crossings were observed (Figure IC and ID in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)). Both types of large vessel defects likely reflect impaired remodeling of the immature vascular plexus. Thus, consistent with previous reports on the role of NDP/FZD4 signaling in the retinal vasculature,^[@R15],[@R26],[@R55]^ we find that global *Tspan12* inactivation results in BRB defects and abnormal arterial-venous crossings. The VEC-specific adhesion molecule CDH5 (cadherin5 \[aka VE-cadherin\]) is a core regulator of EC behavior, including vascular integrity and quiescence. We found that the adhesion molecule is upregulated in ECs of P6 *Tspan12*^−/−^ retinas. Quantification of immunofluorescence staining intensity (Figure [2](#F2){ref-type="fig"}A through [2](#F2){ref-type="fig"}C) and immunoblot VE-cadherin band intensity from total retina lysates (Figure [2](#F2){ref-type="fig"}D and [2](#F2){ref-type="fig"}E) showed that VE-cadherin is about 2.5-fold more abundant in mutant retinas than in wild type. The upregulation of the mediator of vascular quiescence correlates with sluggish sprouting angiogenesis and large vessel defects in *Tspan12* mutant mice. This finding provides novel insights into how impaired NDP/FZD4 signaling and defective angiogenesis are linked.

![Increased VE-cadherin expression in *Tspan12*^−/−^ retinas. **A** and **B**, Immunostaining of P6 retinal whole mounts reveals increased VE-cadherin expression in *Tspan12*^−/−^ retinal endothelial cells (ECs). **Middle** and **right** show the boxed area enlarged. **C**, Quantification of VE-cadherin staining intensity in n=8 fields of view of 2 retinas per genotype. Data normalized to wild-type (WT) intensity, average+SD shown. **D**, Immunoblot of retinal lysates of the indicated genotype reveals increased VE-cadherin expression. **E**, Quantification of immunoblot band intensity of n=3 P8-10 retinal lysates per genotype. Two retinas of 1 animal were pooled for each lysate. Data normalized to wild-type intensity, average+SD shown. Scale bars: 200 µm. KO indicates knockout; and PECAM, platelet endothelial cell adhesion molecule.](atv-38-2691-g003){#F2}

*Tspan12* Functions in Retinal VECs
-----------------------------------

Next, we used Cdh5(PAC)-CreERT2,^[@R50]^ Pdgfrb(BAC)−CreERT2,^[@R51]^ and Rx-Cre^[@R52]^ to examine the role of TSPAN12 in ECs, mural cells (MCs), and cells derived from retinal precursors, respectively. Because *Tspan12*^+/−^ heterozygotes show no substantial BRB or vascular morphogenesis defects (Figure [1](#F1){ref-type="fig"}F), we used *Tspan12*^flox/−^ mice positive for the respective Cre transgene, which facilitates removing TSPAN12 activity below the required levels. *Tspan12*^flox/−^, Cdh5(PAC)-CreERT2 mice (ie, *Tspan12* ECKO) displayed prominent BRB defects, lack of intraretinal capillaries, glomeruloid vascular malformations, and upregulated PLVAP expression (Figure [3](#F3){ref-type="fig"}A through [3](#F3){ref-type="fig"}E). In contrast, neither BRB defects nor vascular morphogenesis defects were detected in *Tspan12*^flox/−^; Rx-Cre (Figure [3](#F3){ref-type="fig"}F and [3](#F3){ref-type="fig"}G) or *Tspan12*^flox/−^; Pdgfrb(BAC)-CreERT2 mice (Figure [3](#F3){ref-type="fig"}H and [3](#F3){ref-type="fig"}I). Thus, TSPAN12 exerts angiogenic activity in ECs, the same cell type in which FZD4 and LRP5 are required.^[@R15],[@R16]^ This finding is consistent with a role of TSPAN12 as coreceptor in the NDP receptor complex.^[@R14]^

![TSPAN12 (tetraspanin 12) functions in retinal vascular endothelial cells (ECs). **A**, Absence of BRB (blood-retina barrier) and vascular morphogenesis defects in *Tspan12*^flox/−^ controls. **B**, *Tspan12*^flox/+^; Cdh5-CreERT2^+^ controls. **C**, IgG and IB4 stains show BRB defects and lack of intraretinal capillaries after inactivation of *Tspan12* in ECs. **D** and **E**, Failure to suppress PLVAP (plasmalemma vesicle-associated protein) in ECs of *Tspan12*^flox/−^; Cdh5-CreERT2^+^ mice. **F** and **G**, Normal BRB and vascular morphogenesis after inactivation of *Tspan12* in retinal precursor cells and in (**H** and **I**) mural cells. Scale bar 200 µm. IPL indicates inner plexiform layer; MIP, maximum intensity projection; and OPL, outer plexiform layer.](atv-38-2691-g004){#F3}

Reduced MC Coverage in *Tspan12*^−/−^ Mice and *Tspan12* ECKO Mice
------------------------------------------------------------------

Reduced MC coverage has been described as a consequence of impaired vascular β-catenin signaling^[@R15]^ and MCs are required for BRB formation.^[@R56]^ The intermediate filament desmin is a marker for pericytes and, to a lesser extent, other MC populations. Wild-type P7 mice showed a high coverage of small and larger blood vessels with desmin-positive cells; only few areas showed a lower degree of coverage (Figure IIA in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)). In contrast, P7 *Tspan12*^−/−^ mice showed multiple areas with complete absence of desmin-positive cells (Figure IB in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)). Quantification showed that MC coverage was reduced 31% (Figure IIC in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)). Analysis of P7 retinas after EC-specific *Tspan12* inactivation (tamoxifen injection between P1 and P3) revealed non-cell autonomous MC coverage defects, which, however, were milder than in global *Tspan12* knockout mice (Figure IID through IIF in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)). Examination of *Tspan12*^flox/−^, Pdgfrb(BAC)-CreERT2 retinas and respective controls yielded no evidence for a cell-autonomous role of TSPAN12 in MCs (Figure IIG through III in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)). Experiments with mT/mG reporter mice showed that each Cre driver was efficient in inducing recombination (Figure III in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)).

TSPAN12 Is Required for BRB Maintenance but Is Dispensable for Vascular Maintenance or MC Coverage
--------------------------------------------------------------------------------------------------

We induced EC-specific inactivation of *Tspan12* in ECs at P28 and analyzed the mice 1 and 6 months later. Massive IgG extravasation was detected at time points both 1 month and 6 months after recombination (Figure [4](#F4){ref-type="fig"}A through [4](#F4){ref-type="fig"}D). Confocal analysis of retinas at the 6-month post-recombination time point showed that all 3 retinal vascular layers were normally formed (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D). Coverage with desmin-positive cells was normal 6 months after EC-specific recombination in juvenile mice (Figure [4](#F4){ref-type="fig"}E through [4](#F4){ref-type="fig"}G), and retinas of either genotype were well-perfused with 500 kDa FITC-dextran via the transcardial route (Figure [4](#F4){ref-type="fig"}H and [4](#F4){ref-type="fig"}I). Therefore, late-induced recombination bypassed vascular morphogenesis and MC coverage defects, revealed a role for TSPAN12 in BRB maintenance, and provided a model to study pathological consequences of BRB defects in an otherwise intact vasculature.

![TSPAN12 (tetraspanin 12) is required for BRB (blood-retina barrier) maintenance in an otherwise intact vasculature. **A**, IgG is confined to the lumen of blood vessels in control mice. **B**, IgG leakage 1 mo after endothelial cell (EC)--specific recombination at P28. **C** and **D**, BRB defects in the absence of vascular morphogenesis defects 6 mo after EC-specific recombination at P28. **E** and **F**, Coverage with desmin-positive mural cells is normal in adult *Tspan12* ECKO retinas recombined at juvenile age. **G**, Quantification of mural cell coverage. Sixteen fields of view of 4 retinas per genotype quantified, average+SD shown. **H** and **I**, Transcardial fluorescein isothiocyanate (FITC)-Dextran 500 kDa perfusion and immuno-stain for PECAM (platelet endothelial cell adhesion molecule) and IgG. *Tspan12* ECKO retina shows strong IgG extravasation in an otherwise intact vasculature that is fully perfused. Boxed areas shown enlarged in separate panels. Comparison of depth projections generated from FITC-dextran signal and from PECAM signal shows that the intraretinal capillaries are also fully perfused. Scale bar: 200 µm. IPL indicates inner plexiform layer; MIP, maximum intensity projection; and OPL, outer plexiform layer.](atv-38-2691-g005){#F4}

RNA-Sequencing Reveals Activation of Antibody Effector Systems and Mediators of Matrix Organization and Remodeling
------------------------------------------------------------------------------------------------------------------

Sequencing of ribo-depleted retinal RNA revealed a significant transcriptional dysregulation 6 months after induction of BRB defects, with 6971 transcripts (coding and noncoding) showing 2-fold or higher differential expression. Differentially expressed genes were filtered according to differential expression, expression level, and significance criteria and subjected to gene ontology analysis (Table). Among the upregulated transcripts were multiple mediators of antibody effector systems, including components of the classical complement pathway (C1QA, C1QB, C1QC, and C4B). Complement 3A receptor 1 and the modulator of the complement pathway, SERPING1, were also upregulated. In addition, several transcripts encoding subunits of Fc receptors were increased. Other mediators of immune processes, many of which are known to be expressed in microglia, were overabundant, for example, ADGRE1 (aka F4/80). Markers of lymphoid cells were not expressed (ie, B-cell markers CD79A, CD79B; T-cells markers CD8B1, CD3D, CD3E, CD3G, and T-cell receptor constant or variable gene segments; NK cells markers KLRB1 \[aka NK1.1\], NCR1, CD27, and IL2RB). Myeloid differentiation marker GR1 (aka LY6G), which is expressed on granulocytes and peripheral neutrophils, and CCR2, a marker for blood monocytes, were also not expressed, indicating that leukocytes did not infiltrate the retina at the 6-month time point. However, chemokines, including CCL12 and CXCL10, were strongly upregulated, suggesting activation of microglia. Together, RNA-Seq data revealed involvement of the classical complement pathway as a major consequence of BRB defects.

Gene ontology analyses further revealed that transcripts encoding ECM (extracellular matrix) proteins, in particular proteins involved in ECM organization or remodeling of collagen and elastin fibers, were significantly elevated in mutant retinas. MFAPs (microfibrillar-associated proteins) 2 and 4, fibromodulin, fibulin 1, and decorin were in this group (Table). Several of these genes are implicated in vascular basement membrane alterations in DR or diabetic nephropathy (discussion).

Impaired BRB Maintenance Is Associated With Complement Deposition, Cystoid Edema, and Basement Membrane Alterations
-------------------------------------------------------------------------------------------------------------------

Immunostaining of retinal sections from 1-year-old *Tspan12* ECKO revealed that complement component C4, which is essential for the propagation of the classical complement pathway, was strongly increased in multiple foci in and around the inner nuclear layer of *Tspan12* ECKO retinas, indicating localized complement deposition (Figure [5](#F5){ref-type="fig"}A). Foci of complement deposition were often associated with lesions in the inner nuclear layer and outer plexiform layer. H&E staining of a retinal section (displaying a relatively strongly affected area) showed that the appearance of the lesions is consistent with early stage cystoid edema (Figure [5](#F5){ref-type="fig"}B). Most cystoid lesions were heavily decorated with IgG and complement. Immunostaining further confirmed increased expression of F4/80 (ADGRE1 in the Table) in microglia, consistent with microglia activation (Figure [5](#F5){ref-type="fig"}C). Barrier defects resulted in increased extravasation of IgG, transferrin, and albumin (Figure [5](#F5){ref-type="fig"}D through [5](#F5){ref-type="fig"}F). Although IgG and albumin extravasation and increased C4 signal were already detectable 1 month after recombination, no lesions were present at early time points (Figure IV in the [online-only Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.118.311689)).

![Complement deposition and histopathologic changes in retinas of aged *Tspan12* ECKO mice. **A**, Complement factor C4 deposition around retinal blood vessels, inner nuclear layer (INL), and outer plexiform layer (OPL). White arrows point to some of the small cystoid lesions decorated with complement. **B**, H&E staining of a control retina and a relatively strongly affected area of a mutant retina reveals cystoid lesions consistent with edema. **C**, Increased F4/80 staining on microglia of mutant retinas. **D** through **F**, Extravastion of IgG, transferrin, and albumin in *Tspan12* ECKO retinas. **G**, COL4 (collagen IV) staining in retinal blood vessels of 12-mo-old ECKO mice is increased, staining in the inner limiting membrane (white arrowheads) serves as internal staining control.](atv-38-2691-g006){#F5}

Immunostaining also revealed a strongly increased signal for the basement membrane component COL4 surrounding intraretinal capillaries, whereas COL4 staining in the inner limiting membrane of *Tspan12* ECKO retinas was unaltered, providing an internal reference (Figure [5](#F5){ref-type="fig"}G). In control retinas, vascular COL4 staining was substantially weaker. Genes encoding COL4 chains (COL4A1, COL4A2, COL4A3, COL4A4, COL4A5, and COL4A6) were not among the highly differentially expressed transcripts (0.9- to 1.4-fold change), suggesting that the increased abundance of COL4 in vascular basement membranes could be a consequence of altered matrix remodeling.

Costaining of C4 with IB4, rod-bipolar cell marker PKCα, nuclear Müller cell maker Sox9, microglia marker IBA-1, or with extravasated IgG, showed that C4 partially colocalized with mutant blood vessels, several cell populations of the inner nuclear layer, and microglia. Rod-bipolar cell and Müller glia cell populations appeared disorganized and displayed increased cell spacing (Figure [6](#F6){ref-type="fig"}). These observations suggest that the function of the inner retina may be impaired.

![Colocalization of complement factor C4 with several retinal cell types. **A**, Twelve-mo-old *Tspan12* ECKO retinal cross-sections stained with anti-C4 and IB4. Split and merged channels are shown. Arrows indicate blood vessels decorated with C4. **B**, Colocalization of extravasated IgG and C4 on a subset of retinal cells and on the borders of cystoid lesions in the mutant tissue. **C**, Rod-bipolar cell spacing seems increased in the mutant tissue. The section shows also 1 or 2 C4-decorated Müller glia cells, which were recognized by their extensions towards the outer limiting membrane (arrow). **D**, Disorganized Müller cells in the mutant tissue. Sox9 marks nuclei of Müller glia. Arrow highlights a C4-decorated cell which was recognized as amacrine cell based on cell body location and cell shape. **E**, Partial colocalization of C4 with microglia marker IBA-1. PKC indicates protein kinase C; and Sox9, SRY-box 9.](atv-38-2691-g007){#F6}

Reduced b-Wave in Electroretinograms of *Tspan12* ECKO Mice
-----------------------------------------------------------

Electroretinograms were recorded to assess functional consequences of the pathology described in *Tspan12* ECKO mice. Electroretinograms from 8 to 14-month-old, dark-adapted *Tspan12* ECKO mice revealed a similar a-wave (predominantly caused by ion currents across photoreceptor membranes) compared with controls. In contrast, we detected a strong reduction of the b-wave (predominantly reflects ion currents across cell membranes in the inner retina) in both dark- and light-adapted *Tspan12* ECKO mice (Figure [7](#F7){ref-type="fig"}A and [7](#F7){ref-type="fig"}B). Thus, the reduction of the b-wave and the location of retinal lesions in the inner nuclear layer and outer plexiform layer consistently indicate functional impairment of the inner retina. Together, our data link immunoglobulin extravasation, classical complement deposition, cystoid edema, and impaired neuronal function as consequences of an impaired BRB in an otherwise intact vasculature.

![Impaired b-wave in electroretinograms of aged *Tspan12* ECKO mice. **A**, Example of electroretinograms recorded under dark-adapted and light-adapted conditions. **B**, B-wave amplitudes are significantly reduced in *Tspan12* ECKO mice. N=12 (control) or n=6 (ECKO) retinas, average amplitude+SEM shown. Data for light-adapted b-waves were tested for significance using a nonparametric Mann-Whitney U *test*.](atv-38-2691-g008){#F7}

Discussion
==========

We previously proposed that TSPAN12 functions as coreceptor in the norrin receptor complex.^[@R14]^ A prediction of this model is that TSPAN12 functions together with FZD4^[@R15]^ and LRP5^[@R16]^ in ECs, which is indeed the case.

CNS angiogenesis requires β-catenin-dependent signaling induced by WNT7A/B or NDP. How canonical signaling enables the vascularization of these CNS tissues is unclear. Interestingly, loss of canonical signaling is associated with a failure of tip cell formation in zebrafish CNS angiogenesis.^[@R43]^ We find that angiogenesis defects in the retina of *Tspan12* mutant mice correlate with significantly increased VE-cadherin expression in ECs. VE-cadherin is a key regulator of EC behavior.^[@R57]^ Importantly, VE-cadherin suppresses proangiogenic EC behavior---migration and proliferation---in mature blood vessels. Several factors that control EC behavior (eg, VEGF \[vascular endothelial growth factor\] or S1P \[sphingosine-1-phosphate\])^[@R58],[@R59]^ impinge on VE-cadherin by altering its expression, controlling its internalization, or modifying its activity by phosphorylation. Conversely, VE-cadherin is physically associated with receptors, for example, VEGFR2 or TGFβ (transforming growth factor β) receptors, and modulates their activity. Our observation that VE-cadherin protein levels are roughly 2.5-fold increased in ECs of developing *Tspan12* mutant mice suggests that canonical signaling suppresses VE-cadherin, perhaps transiently, to enable migration, proliferation, or tip cell formation. Indeed, EC-specific inactivation of *Cdh5* (ie, VE-cadherin), causes strong hypervascularization of the retina.^[@R59],[@R60]^ Interestingly, intraretinal capillary formation is especially sensitive to loss of NDP/FZD4 signaling. A reduction of VE-cadherin may be required to reverse the quiescence of the superficial vascular plexus and enable vascularization of intraretinal layers. *Fzd4*^−/−^ EC behavior is normalized by adjacent wild-type cells in genetic mosaics,^[@R26]^ possibly because mutant cells cannot use increased VE-cadherin levels to fully engage wild-type ECs, which express only normal VE-cadherin levels.

Because TSPAN12 blocking antibodies are under investigation for treating proliferative retinopathies,^[@R61]^ it is important to consider the roles of TSPAN12 in BRB maintenance. Our genetic studies demonstrate that TSPAN12 is required for BRB maintenance in adult mice.

Among the long-term consequences of BRB defects are cystoid edema and impairment of retinal neural circuit function. These defects are accompanied by inflammation, vascular basement membrane alterations, and increased expression of oxidative stress defense genes (Table). Importantly, BRB impairment, cystoid edema, reduced b-wave and oscillatory potentials, inflammation, basement membrane thickening, and oxidative stress are also among the pathological changes observed in DR,^[@R3],[@R62]^ implying that BRB defects in an otherwise intact vasculature are sufficient to recapitulate several key aspects of the DR pathology. Changes of microvascular BM composition and BM thickening are characteristic pathological features of DR^[@R63]^ and are associated with increased COL4 deposition.^[@R64]^ Interestingly, the increased COL4 deposition in *Tspan12* ECKO mice is linked to increased expression of several genes involved in ECM organization and remodeling of collagen and elastic fibers. Several of the genes, including MFAP4, fibulin 1, and small proteoglycans decorin and fibromodulin, are also overabundant in DR or diabetic nephropathy.^[@R65]--[@R68]^ Together, *Tspan12* ECKO mice provide a model to untangle the specific pathological consequences of BRB disruption from compounding vascular pathologies observed in pericyte-deficient mice and hyperglycemic animals. Surprisingly, BRB disruption per se is sufficient to recapitulate several characteristics of DR pathology. Furthermore, our findings show how BRB impairment contributes to vision impairment in familial exudative vitreoretinopathy. In a broader view, our findings provide insight into pathological mechanisms downstream of blood-CNS barrier impairment in neurological disease.
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Nonstandard Abbreviations and Acronyms
======================================

BRB

:   blood-retina barrier

CDH5

:   cadherin5 aka VE-cadherin

COL4

:   collagen IV

DR

:   diabetic retinopathy

EC

:   endothelial cell

ECM

:   extracellular matrix

FITC

:   fluorescein isothiocyanate

FZD4

:   frizzled 4

LRP5

:   low-density lipoprotein receptor-related protein 5

MC

:   mural cell

MFAP

:   microfibrillar-associated protein

NDP

:   Norrie disease protein

PCR

:   polymerase chain reaction

PDGFβ

:   platelet-derived growth factor β

PECAM

:   platelet endothelial cell adhesion molecule

PKC

:   protein kinase C

PLVAP

:   plasmalemma vesicle-associated protein

S1P

:   sphingosine-1-phosphate

TGF

:   transforming growth factor

TSPAN12

:   tetraspanin 12

VE

:   vascular endothelial

VEGF

:   vascular endothelial growth factor
